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Results: Syngap1−/+	mice	showed	 increased	 locomotor	activity,	decreased	prepulse	
inhibition,	and	impaired	working	and	reference	spatial	memory,	consistent	with	pre‐
ceding	studies.	 Impairment	of	context	 fear	memory	and	 increased	startle	 reflex	 in	
Syngap1	mutant	mice	could	not	be	reproduced.	Significant	decreases	 in	sensitivity	

















study,	 seven	SYNGAP1	mutations	were	 identified	 in	 940	patients	
with	 ID;	 therefore,	 the	 frequency	 of	 SYNGAP1	 mutations	 is	 sug‐
gested	 to	 be	 ∼0.74%	 in	 patients	 with	 ID	 19.	 Currently,	 0.7%‐1%	


















In	addition,	 increased	 stereotypic	behavior	 25,	 decreases	 in	motor	
functions	 in	 females	 26,	 elevated	 startle	 response	 and	 a	 decrease	
in	prepulse	inhibition	25,	reduced	social	novelty	preference	25,	and	
impaired	 cued	 fear	 memory	 25	 have	 been	 reported	 by	 preceding	





in	 the	 elevated	plus	maze	 26,	whereas	 another	 report	 did	 not	 ob‐





assessed	 the	 behavioral	 phenotypes	 of	 the	 Syngap1−/+	mouse	 line	










In	 this	 report,	we	utilized	a	comprehensive	 set	of	well‐defined	
behavioral	 tests	 31‒38	 and	 investigated	 behavioral	 phenotypes	 in‐
cluding	 the	 sensorimotor	 functions	 and	 the	 cognitive	 functions	of	
the	Syngap1−/+	mice	 generated	 by	Komiyama	 et	 al	 on	 a	C57BL/6J	
genetic	background.
2  | METHODS
2.1 | Animals and experimental design
Syngap1−/+	mice	were	generated	as	previously	described	22. The mice 
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otherwise	noted.	After	each	test,	the	testing	apparatus	was	cleaned	
with	 super	hypochlorous	water	 to	prevent	 a	bias	due	 to	olfactory	
cues,	unless	otherwise	noted.
2.2 | Behavioral tests
Unless	 otherwise	 noted,	 most	 of	 the	 behavioral	 tests	 were	 per‐
formed	as	previously	described	39‒41.
2.3 | Neurological screen and neuromuscular 
strength test
The	righting,	whisker	twitch,	and	ear	twitch	reflexes	were	evaluated.	
Physical	 features,	 including	 the	 presence	 of	whiskers	 or	 bald	 hair	
patches,	were	also	recorded.	A	grip	strength	meter	(O’HARA	&	Co.)	








Motor	 coordination	 and	 balance	 were	 tested	 using	 the	 rotarod	
test.	 This	 test,	which	 uses	 an	 accelerating	 rotarod	 (UGO	Basile),	
was	performed	by	placing	mice	on	rotating	drums	(3	cm	diameter),	

















for	 stereotyped	behaviors	were	 recorded.	 Immediately	 after	 the	








was	dark	 (two	 lux).	Mice	were	placed	 into	 the	dark	 chamber	and	
allowed	to	move	freely	between	the	two	chambers	with	the	door	



















or	 enclosed	 arms	 were	 recorded	 during	 a	 10‐minute	 test	 period.	
Percentage	of	 entries	 into	open	 arms,	 time	 spent	 in	 open	 arms(s),	
















was	 longer	 than	10	cm,	 the	behavior	was	classified	as	an	“active	
contact.”
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first	10‐minute	 session,	 a	 second	unfamiliar	mouse	was	placed	 in	
the	chamber	that	had	been	empty	during	the	first	10‐minute	ses‐
sion.	This	second	stranger	was	also	enclosed	 in	an	 identical	 small	
wire	cage.	The	amount	of	time	spent	in	each	chamber	and	distance	
traveled	 during	 the	 second	 10‐minute	 session	were	measured	 as	
described	above.	Data	acquisition	and	analysis	were	performed	au‐
tomatically	using	Image	CSI	(see	Section,	“Data	analysis2.17”).





tic	cylinder	where	 it	was	 left	undisturbed	 for	10	minutes.	White	
noise	 (40	ms)	was	used	as	 the	startle	 stimulus	 for	all	 trial	 types.	
The	startle	 response	was	 recorded	 for	400	ms	starting	with	 the	
onset	of	the	startle	stimulus.	The	background	noise	level	in	each	
chamber	was	70	dB.	A	test	session	consisted	of	six	trial	types	(ie,	
two	 types	 for	 startle	 stimulus‐only	 trials,	 and	 four	 types	 for	PPI	
trials).	 The	 intensity	 of	 the	 startle	 stimulus	was	 110	 or	 120	 dB.	
The	 prepulse	 sound	 was	 presented	 100	 ms	 before	 the	 startle	
stimulus,	and	its	intensity	was	74	or	78	dB.	Four	combinations	of	
prepulse	 and	 startle	 stimuli	were	 used	 (74‐110,	 78‐110,	 74‐120,	
and	78‐120	dB).	Six	blocks	of	the	six	trial	types	were	presented	in	
a	pseudo‐random	order,	 such	that	each	trial	 type	was	presented	
once	within	 a	 block.	 The	 average	 inter‐trial	 interval	was	15	 sec‐
onds	(range	10‐20	seconds).


























swim	 test,	 immobility	 (%)	was	 judged	 by	 the	 application	 program.	

















stayed	more	 than	 10	 seconds,	 the	 door	 that	 separated	 the	 arm	
(area	A1	or	A2)	 and	 the	 connecting	 passageway	 (area	P1	 or	 P2)	



































rors	 (defined	by	 the	animal	placing	 its	nose	 in	a	hole	 that	did	not	
lead	to	the	escape	box),	the	amount	of	time	that	the	mice	took	to	
enter	the	box,	total	distance	traveled	to	target	hole,	and	the	number	
of	omission	errors	 (defined	by	the	visit	 to	 the	target	hole	without	
subsequent	entry	into	the	target	hole)	were	recorded	by	ImageBM	
software.	On	day	7,	a	probe	test	was	conducted	without	the	escape	




2.18 | Contextual and cued fear conditioning test
Contextual	 and	 cued	 fear	 conditioning	 test	 was	 performed	 as	





















grids	of	 the	 chamber	were	wiped	with	 super	hypochlorous	water	
and	65%	ethanol,	respectively.	In	the	cued	test,	the	walls	and	floor	
were	cleaned	with	super	hypochlorous	water.




identical	 mice	 that	 had	 been	 housed	 separately	 were	 placed	 to‐
gether	in	a	home	cage	(see	Section,	“locomotor	activity	monitoring	
in	 home	 cage2.16”).	 Their	 social	 behavior	was	 then	monitored	 for	
7	days.	Outputs	from	the	video	cameras	were	fed	into	a	computer.	




between	 the	 two	mice.	We	also	measured	 locomotor	activity	dur‐
ing	these	experiments	by	quantifying	the	number	of	pixels	changed	
between	each	pair	of	successive	frames.
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2.21 | Data analysis
























































































Controls (n = 16)
Mutants (n = 22)
Controls (n = 16)
Mutants (n = 22)
Controls (n = 16)
Mutants (n = 22)
P = 0.959 P = 0.6062
P = 0.3232 P = 0.4633












































































Time (min) Time (min)
Time (min) Time (min)
P < 0.0001 P = 0.0055
P = 0.041 P = 0.0032
Controls (n = 16)
Mutants (n = 22)










vertical	 activities	 (Figure	 2B,	 P = .0055*),	 center	 time	 (Figure	 2C,	
P = .041#),	and	stereotypic	counts	(Figure	2D,	P = .0032**)	compared	
with	those	in	the	control	mice.
3.3 | Normal	light/dark	transition	of	Syngap1−/+ mice
The	 light/dark	 transition	 test	 detected	 no	 significant	 differences	
between	 the	mutant	mice	 and	WT	mice	 in	 the	 distances	 traveled	
between	the	 light/dark	compartments	 (Figure	3A,	 light,	P = .1189;	
dark,	P = .2648),	number	of	transitions	between	light/dark	compart‐
ments	(Figure	3B,	P = .7704),	latency	to	enter	the	light	compartment	











































2 controls and 10 
mutants fell from 
the maze. 
P P P PP









































Controls (n = 16)













































Controls (n = 16)
Mutants (n = 22)
Controls (n = 14)
Mutants (n = 12)
(A) (B) (C) (D)
(E) (F) (G) (H) (I)
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tended	 to	 spend	 longer	 time	 around	 the	 stranger	 2‐sided	 cage;	
however,	 they	 were	 not	 statistically	 significant	 (Figure	 4G,	 WT:	
P = .1278,	Syngap1−/+: P = .3556).	WT	mice	 stayed	 longer	 around	
the	stranger	side	of	the	cage	(Figure	4G,	P	<	.0007**)	than	did	the	




In	 the	prepulse	 inhibition	 test,	 there	was	no	 significant	difference	
between	 the	 Syngap1−/+	 and	 WT	 mice	 in	 the	 startle	 amplitude	
(Figure	5A,	P	 =	 .3613).	Syngap1−/+	mice	 showed	 a	 significantly	 de‐




















































































(n = 16) (n = 22)
































Controls (n = 7)
Mutants (n = 11)
Crawley’s sociability and social novelty preference test
Controls (n = 16)
Mutants (n = 22)
Controls (n = 16)














































































top,	P	=	 .1378)	or	 in	distance	traveled	 (Figure	9E	bottom,	P	=	 .1661)	
between	 the	 genotypes.	 In	 the	 cued	 testing	 after	 30	days,	 freezing	






whole	period,	P	=	 .2343;	day,	P	=	 .7405;	night,	P	=	 .0431#),	 though	
this	did	not	survive	FDR	correction.	Syngap1−/+	mice	exhibited	more	
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locomotor	 activity	 during	 the	 night	 (Figure	 10B;	 whole	 period,	
P	=	.0028;	day,	P	=	.1247;	night,	P	=	.0022**)	than	the	WT	mice.	In	the	
home	cage	activity	test	with	single	mouse	in	a	cage,	Syngap1−/+ mice 
showed	 increased	activity	 level	during	 the	night	 (Figure	10C;	whole	
period,	P	=	.0021;	day,	P	=	.809;	night,	P	=	.0006**).
4  | DISCUSSION
In	 this	 study,	we	 subjected	male	Syngap1−/+	mice	on	 a	C57BL/6J	
genetic	 background	 to	 a	 comprehensive	 behavioral	 test	 battery.	
In	agreement	with	previous	behavioral	studies	which	are	using	dif‐
ferent	 Syngap1−/+	 mouse	 lines,	 we	 have	 reproduced	most	 of	 the	
previously	 reported	behavioral	phenotypes:	 increased	 locomotor	
activity	23,25‒29;	decreased	prepulse	inhibition	25;	impaired	working	
23,26,28,29;	 and	 reference	 spatial	memory	 22,26,27.	 Similar	 to	 a	 pre‐
ceding	 report	25,	heterozygous	Syngap1	knockout	mice	showed	a	
decrease	in	cued	fear	memory	in	our	study,	even	though	this	failed	
to	 reach	 a	 study‐wide	 significance.	 While	 weakened	 contextual	






is	 consistent	with	 a	 previous	 study	which	 reported	 a	 high	 pain	
threshold	in	72%	of	SYNGAP‐related	ID	patients	21.	On	the	other	
hand,	 two	 preceding	 studies	 failed	 to	 detect	 altered	 thermal	
nociception	 in	Syngap1−/+ mice 26,30.	Duarte	et	 al30	 showed	 that	





drawal	 latency	 in	 Syngap1−/+	 mice	 between	 other	 studies	 and	
ours	 26,30,56.	Duarte	 et	 al30	 and	Muhia	 et	 al26	 used	 instruments	
which	apply	gradually	increasing	heat	stimuli	56‒58.	On	the	other	
hand,	 our	 hot	 plate	 provides	 immediate	 heat	 at	 55℃.	 We	 also	













Syngap	 mutant	mice	 on	 a	 C57BL/6J	 background	 10,30,	 of	 which	

























































T-maze test Controls (n = 16)
Mutants (n = 19)
Controls (n = 16)
Mutants (n = 19)
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exon	 cassette	 containing	 the	 first	 common	methionine	 present	























have	 also	 reported	 increased	 open‐arm	 stay	 time	 for	 Syngap1−/+ 
mice	in	the	elevated	plus	maze	6,23,25,26,28,29.	Muhia	et	al	and	Guo	et	











ber	of	open	or	 total	arm	entries.	On	 the	other	hand,	Kilinc	et	al6 
claimed	that	it	was	unclear	if	the	increased	time	in	the	open	arms	of	
the	mutant	mice	reflects	reduced	anxiety	or	an	 increased	explor‐
atory	drive,	or	both.	Overall,	 it	 is	still	unclear	whether	Syngap1−/+ 
mice	have	a	decreased	anxiety.	However,	a	study	reported	anxious	
behavior	in	patients	with	Syngap1	mutations	62.	Some	researchers	
have	speculated	 that	 the	 increased	exploration	of	 the	open	arms	
may	reflect	an	increased	panic‐like	escape	response	to	stress	and/
or	 a	 higher	 level	 of	 anxiety	 32,53,63‒65.	 For	 example,	 Schunurri‐2	





(E) Probe test (1 mo after training)Probe test (1 d after training)
Barnes maze test
(D)
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Distance (angle) from target Distance (angle) from target
P = 0.002 P = 0.0204 P = 0.0002




























Controls (n = 16)
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Controls (n = 16)
Mutants (n = 20)
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While	 many	 studies	 have	 shown	 elevated	 locomotor	 activities	
of	Syngap1−/+	mice	in	novel	environments	in	various	behavioral	tests	
23,25‒29,	 activity	 in	 familiar	 environment	 has	 not	 yet	 been	 tested	 6. 
In	 the	present	study,	we	observed	 the	home	cage	 locomotor	activ‐
ity	of	these	mice	and	found	that	they	have	a	significantly	 increased	
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Controls (n = 16)
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locomotor	 activity	 at	 night,	 which	 indicates	 that	 these	 mice	 show	
hyperlocomotor	 activity	 not	 only	 in	 novel,	 but	 also	 in	 familiar	
environments.
Collectively,	 we	 confirmed	 that	 the	 Syngap1−/+	 mouse	 reca‐
pitulates	the	symptoms	of	ID	and	ASD	in	patients	with	SYNGAP1 
mutations.	 A	 reduction	 in	 Syngap1	 levels	 dramatically	 affected	
locomotor	activity,	cognitive	functions,	emotion,	pain	sensation,	
and	motor	function.	However,	the	association	between	SYNGAP	
and	anxiety	needs	 to	be	 reconsidered.	These	 findings	also	pro‐
vide	clues	to	physiological	roles	of	SYNGAP‐regulated	pathways.	
Our	 analysis	 of	 Syngap1−/+	 mice	 can	 prove	 to	 be	 an	 invaluable	
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